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A B ST R ACT
The dynamics of the Greenland Ice Sheet and drift of sea ice from the Arctic
Ocean reaching Denmark Strait are poorly constrained. We present data on the
provenance of Fe oxide detrital grains from two cores in the Denmark Strait area
and compare the Fe grain source data with other environmental proxies in order
to document the variations and potential periodicities in ice-rafted debris delivery during the Holocene. Based on their Fe grain geochemistry, the sediments
can be traced to East Greenland sources and to more distal sites around the Arctic
Basin. On the Holocene time scales of the two cores, sea ice biomarker (IP 25)
data, and quartz weight percent reveal positive associations with T°C and inverse
associations with biogenic carbonate wt%. Trends in the data were obtained from
Singular Spectrum Analysis (SSA), and residuals were tested for cyclicity. Trends
on the environmental proxies explained between 15 and 90% of the variance. At
both sites the primary Fe grain sources were from Greenland, but significant contributions were also noted from Banks Island and Svalbard. There is a prominent
cyclicity of 800 yrs as well as other less prominent cycles for both Greenland and
arctic sources. The Fe grain sources from Greenland and the circum–Arctic Ocean
are in synchronization, suggesting that the forcings for these cycles are regional
and not local ice sheet instabilities.

Introduction
Marine sediment cores from the continental margin of East Greenland and NW Iceland have the potential to document changes in sediment transport
and provenance from both Greenland-derived icebergs and sediments entrained in sea ice (ice-rafted debris; IRD) originating on the shallow shelves
around the Arctic Basin (Nam et al., 1995; Stein et
al., 1993). Recently documented mass losses in the
Greenland Ice Sheet (GIS), local Greenland glaciers,
and ice caps (Shepherd and Wingham, 2007; Seale et
al., 2011; Khan et al., 2015), and reductions in the
volume and area of arctic sea ice (Meier et al., 2005;
© 2017 Regents of the University of Colorado – 1523-0430/09 $7.00

Stroeve et al., 2012) suggest that it is critical to evaluate these recent changes (of the past 1–2 decades)
against longer paleoclimate time series. In this paper
we present new data on the variations in Fe oxide
grains (250 µm to 45 µm) (Darby et al., 2015) and
compare those data with sea ice biomarker (IP25) data
(Belt et al., 2007; Belt and Müller, 2013) and other
paleoclimate proxies from cores MD99-2322 (henceforth 2322) and MD99-2263 (henceforth 2263) (Fig.
1) from either side of Denmark Strait. Both cores
have a rich variety of other previously published climate and sediment proxies that are used to compare
with the Fe grain source data and IP25 data to provide a robust paleoceanographic context. Core 2322
649

FIGURE 1.   Circum-Arctic and Greenland source areas (1–46) and location of cores 2322 and 2263 at Denmark
Strait (DS). The circum-Arctic sources for core 2322 that supplied more than 1.5 Fe grains in any sample are
circled in black, whereas those that delivered more than 3 Fe grains are circled in red. Cold Arctic and East
Greenland Currents (EGC) are in blue, whereas the warm Irminger Current (IC) is in red.

is a very well-dated Holocene core that we analyzed
to 11 cal ka B.P. (Stoner et al., 2007; Jennings et al.,
2011), whereas 2263 is a box core that extends back
to ca. 2 cal ka B.P., also with excellent age control
(Andrews et al., 2009a).
The interpretation of sediment records associated
with sea ice and iceberg rafting is that changes usually are caused by variations in the quantity of drift
ice, including increased iceberg calving (Ruddiman,
1977b). However, several studies (Warren, 1992; Andrews, 2000; Clark and Pisias, 2000) have pointed out
that changes in IRD also may be caused by changes
in: (1) sediment entrainment at the source (glacier or
sea ice), (2) the direction of transport (i.e. drift), (3)
the rate of melting of the drift ice, and (4) the mass
transport of drift ice (sea ice and icebergs), as well as a
combination of any of these. Using the climate prox650 / D. A. Darby et al. / Arctic, Antarctic, and Alpine Research

ies that exist for the studied cores, including summer
surface sea-temperature estimates based on planktic
foraminferal assemblages in core 2322 (Jennings et al.,
2011) and bottom water temperature estimates based
on benthic foraminiferal assemblages (Ólafsdóttir et
al., 2010) (both referred to as T°C) and sea ice estimates (Andrews et al., 2009a; Jennings et al., 2011), we
evaluate how the Fe grain source variations are related
to estimates of changes in sea ice and ocean temperature, and present information on the trends and cycles evident in these new data. On Late Quaternary
time scales, Ruddiman (1977a) linked increases in IRD
deposition with ocean temperatures and iceberg melting, whereas others (Bugelmayer-Blaschek et al., 2016)
concluded that “internal ice sheet variability seems to
be the source of the multi-century and millennialscale iceberg events during the Holocene.”

Oceanographic Circulation
Environment

and

The modern surface circulation regime along East
Greenland and in the Denmark Strait influences where
we expect icebergs and sea ice to drift, melt, and release their sediment load. The East Greenland Current
(EGC) is a continuation of the Trans Polar Drift, which
flows out of the Arctic Ocean, through the Fram Strait,
and along the full length of eastern Greenland. It transports ice from the Arctic Ocean and is augmented along
its path by icebergs and freshwater released from local
glaciers and GIS outlets (Hastings, 1960; Rudels et al.,
2002; Sutherland and Pickart, 2008) (Fig. 1). The EGC
bifurcates into two branches north of Denmark Strait.
The main current travels along the Greenland margin,
and a second separates from it at the northern end of the
Blosseville Basin just south of Scoresby Sund, and joins
the North Iceland Jet on the Icelandic slope before passing over the Denmark Strait (Våge et al., 2013). The relatively warm and saline Irminger Current (IC), a branch
of the North Atlantic Current, flows northward along
the western Iceland shelf toward the Djúpáll Trough
and then bends around N Iceland as the North Iceland
Irminger Current (Malmberg, 1985). Where the EGC
and IC meet in the Denmark Strait is a local expression of the marine Polar Front where there is enhanced
melting of drift ice, resulting in release of their entrained
sediment (Jennings et al., 2014). The IC bifurcates south
of the Denmark Strait, and eddies shed from this warm
current (Kraus, 1958) penetrate into the fjords to impact
the grounding lines of the GIS outlet glaciers here (Fig.
1) (Straneo and Heimbach, 2013).
Fast ice forms in the fjords and along the coast of
Greenland and in severe years forms a sea ice/iceberg
mélange (siqussaq) that effectively locks icebergs in the
fjords and may act to stabilize the outlet glaciers (Reeh
et al., 2001; Amundson et al., 2010). Strong katabatic
winds off the ice sheet may break up the siqussaq and
release the icebergs from the fjords into the EGC (Straneo and Heimbach, 2013; Moore and Renfrew, 2014).
The offshore sea ice covers the site of 2322 for 6.5 to
8.5 months per yr (Jennings et al., 2011). Core 2263
is located several kilometers seaward of the average
position of the ice edge between A.D. 1870 and 1920
(Divine and Dick, 2006). In January 2007, sea ice extended across Djúpáll and reached the Westfirdir coast
(Jónsdóttir and Sveinbjornsson, 2007). Historical data
(Ogilvie, 1996; Ogilvie and Jónsdóttir, 2000) indicate
the presence of sea ice during severe climatic intervals
(Wallevik and Sigurjónsson, 1998), and the historic flux
of storis (arctic sea ice that is transported to Southwest
and West Greenland) through the Fram Strait (Schmith

and Hanssen, 2003) closely match the drift ice records
on the Iceland shelf (Alonso-Garcia et al., 2013).
There are no official counts of icebergs through time
along the E Greenland shelf, although icebergs present
a danger to shipping and as such are presently reported
in the Icelandic Meteorological Office web site (http://
www.hafro.is). An unusual concentration of icebergs
occurred in Icelandic waters during August 2004 and
September 2011 (Appendix Figs. A1 and A2). Bigg
(1999) estimated a flux of 25 km3/yr from the tidewater
glaciers north of Scoresby Sund (Area 2 in Fig. 2, part
A), whereas fluxes of 2 and 18 km3/yr were estimated
for the tidewater glaciers in Nansen and Kangerlussuaq
fjords (Andrews et al., 1994), near core 2322 (Area 3
in Fig. 2, part A). In the past decade or so, the iceberg
flux has probably increased (van den Broeke et al., 2009;
Kjeldsen et al., 2015).

Sediment Cores
Core 2322 (67.136°N, 30.827°W, 714 m water depth
[wd]) (Labeyrie et al., 2003) was selected because of
its location on the southeastern shelf of Greenland in
the path of the EGC. It has a relatively high average
sedimentation rate of 1 m/kyr for the upper 7 kyr to
more than 5 m/kyr below this, and an excellent age
model based on 20 calibrated radiocarbon dates and
paleomagnetic data (Stoner et al., 2007; Jennings et al.,
2011). Shipboard observations in 1991 and 1993 along
the Geikie Plateau and in Kangerlussuaq Fjord indicated
individual icebergs with supraglacial, englacial, or basal
debris, which was especially evident for icebergs calved
within the area of basalt outcrop, and aerial photographs
showed that many of the glaciers on the Geikie Plateau
had supraglacial sediment loads. Core 2322 was sampled
for Fe grain analyses at 10.5 cm intervals in the upper
7 kyr (820 cm), compared to an average 30 cm interval
below this in order to achieve a median age interval
between samples of 70–80 yrs. Near surface, summer
sea surface temperatures were estimated from planktic
foraminiferal assemblages at about 100-yr intervals, and
grain size data pertinent to IRD deposition (>1 mm, 1
mm–106 µm, and 106–63 µm wt% data) were measured
on average every 20 yrs throughout the core (Jennings
et al., 2011). Mineralogy (X-Ray Diffraction, qXRD)
was previously analyzed at about 100-yr intervals (Andrews et al., 2014) and at 30-yr resolution for the last 2
cal ka B.P. (Andrews and Jennings, 2014). IP25 data were
obtained with a mean 100-yr resolution for the past 8
cal ka B.P.
Box core 2263 (66.679°N, 24.196°W, 235 m wd) (Fig.
2, part A) was collected from the center of a large sediment drift in Djúpáll Trough (Geirsdóttir et al., 2002;
Arctic, Antarctic, and Alpine Research / D. A. Darby et al. / 651

FIGURE 2.   (A) Dots show locations of
surface seafloor and terrestrial sediments
used to define Fe grain sources SA42
(black), 43 (red), and 46 (green) (see Fig.
1) (Andrews and Vogt, 2014a, 2014b).
SS is Scoresby Sund. (B) Principal
component bi-plot of the PC scores
showing the separation in terms of X-ray
diffraction derived mineralogy of the
surface samples shown in A (Andrews et
al., 2010). There is some overlap in areas
1 and 2, so they are combined into SA42
for Fe grain matching.

Ólafsdóttir, 2004) that extends from Ísafjardardjúp to
the shelf break adjacent to Denmark Strait (Labeyrie
et al., 2003; Andrews et al., 2009a; Ólafsdóttir et al.,
2010). The site of core 2263 lies beneath the axis of the
warm IC. Late Holocene foraminiferal faunas are dominated by boreal species at this site (Jennings et al., 2004;
Ólafsdóttir et al., 2010). In the past decade, the February 50 m temperatures over the site are in the range
of 3–6 °C, indicating a dominance of IC water at the
site (http://www.hafro.is). Today, Djúpáll is close to but
beyond the southern limit of drift ice as shown by the
absence of quartz and IP25 from surface samples on the
652 / D. A. Darby et al. / Arctic, Antarctic, and Alpine Research

West Iceland shelf (Axford et al., 2011; Cabedo-Sanz et
al., 2016). However, historically, polar surface water and
drift ice have moved onto the Northwest Iceland shelf
(Koch, 1945; Ogilvie, 1997; Divine and Dick, 2006),
and mineralogical evidence of this advection has been
documented in Holocene sediment cores (Andrews et
al., 2009b). Core 2263 has seven radiocarbon dates plus
210
Pb and 137Cs data that make a reasonable age model
for the past two millennia (Andrews et al., 2009a). It
was sampled every centimeter to the bottom of the box
core at 46 cm (age interval of 12–50 yrs per sample).
A variety of published paleoclimate proxies have been

documented for this site, including T°C, IP25, carbonate content, grain size, and quartz wt% (NOAA Paleoclimate Database, https://www.ncdc.noaa.gov/paleo/
study/16398).

Methods Background: Geology,
Fe Grain Sourcing, IP25, and Data
Analysis
There are several distinct proximal Fe grain source
areas (SA) for Denmark Strait IRD that include East
and Southeast Greenland and Northwest Iceland (SA42,
43, 44, and 46; Figs. 1 and 2, part A). SA46 comprises several samples in the same sediment core from the
Kejser Franz Joseph Trough (PS2641; Fig. 2, part A). As
this source might include IRD from farther north transported by the EGC, Fe grains matched to arctic sources
were removed from the data set for this source so that
the remaining Fe grains represent local sources. All of
the source areas shown in Figure 1 were constructed
based primarily on geographic grounds but also with
differences in rock types and mineralogy of the samples
in each source area (Darby and Bischof, 1996). Most
source areas contain a natural cluster of samples within a
geographic area and have common source rock lithologies, even though similar lithologies also occur in other
source areas. As shown earlier (Darby et al., 2015), in all
cases the Fe grain geochemical compositions of each
source area are unique regardless of the source rock lithologies.
SA42 comprises a series of samples from the fjords
that extend into the Caledonian outcrop (Hubberten,
1995; Higgins et al., 2008), and the region of SA43 consists of till samples from the northern flank of Scoresby
Sund derived from the erosion of Precambrian granite gneiss (Lysa and Landvik, 1994) and samples further
south that are derived from erosion of the early Tertiary East Greenland flood basalts of the Geikie Plateau
(Brooks, 1990; Stein, 1996; Larsen et al., 1999; Brooks,
2008), including the Skaergaard Intrusion (McBirney
and Noyes, 1979). The SA43 sites in Kangerlussuaq
Fjord also have sediments derived from erosion of Archean granite gneisses, whereas sites around Nansen
Fjord would also record similar mineralogy because they
were eroded from Cretaceous sandstones and siltstones
derived from the Archean gneisses with little alteration
(Larsen et al., 1999; Andrews, unpublished data). Finally,
we include samples from the northwest Iceland shelf as
SA44 (Fig. 1). These represent mostly sea ice IRD deposits from Iceland and foreign IRD from sources farther north that might be ice rafted into these waters.
This source area is down-drift from core 2263, and Fe

grains matched to this source are not seen in this core.
As such SA44 is not considered further here.
The designation of Fe grain sources was, as noted
above, largely based on geographic area. To test whether
the Fe grain samples from SA42, 43, and 46 are indeed
mineralogically distinct we calculated Principal Component (PC) scores on the log-ratio-transformed wt%
qXRD data (Aitchison, 1986) from many of the same
samples used for Fe grain analysis (Andrews and Vogt,
2014a, 2014b). The resulting PC scores defined three
areas of Greenland with distinct mineral compositions
(Fig. 2, part B). SA43 is distinct mineralogically (Area
3), but SA42 consists of both areas 1 and 2 as defined by
the qXRD (Fig. 2, parts A and B); SA46 is a mixture of
sediments derived from west of PS2641 (Fig. 2, part A)
(Andrews et al., 2016).
The Fe grains from both core samples and source
area samples were separated from sieved samples using a
hand magnet and the Frantz magnetic separator (Darby
et al., 2015). The magnetic fraction in the range 250
to 45 µm (250 to 63 µm in the case of core 2322) was
mounted in one-inch epoxy molds, polished, labeled,
and photographed for easy location of grains during micro-probe analyses. Each Fe grain was identified under
1000× reflected-light microscopy, and this mineralogy,
after it was corrected using the elemental composition
from the micro-probe analyses, was used to help match
grains to source Fe grains of the same mineralogy. Anhydrous Fe oxide mineral grains (Fe grains) were used for
source determination because these minerals incorporate large amounts of foreign elements into their crystal lattice during formation in metamorphic or igneous
processes (Haggerty, 1976).We used 14 elements to precisely match each Fe grain to a near exact composition
in analyzed source areas (Darby et al., 2015). Besides Fe,
O, and Ti, we analyzed for Mn, Mg, Si, Al, Ca, Zn,V, Ni,
Cr, Nb, and Ta using a Cameca SX100 electron probe
microanalyzer. Each element was matched in turn to
the same element analyzed from source area sample Fe
grains of the same mineralogy using two standard deviations on replicate analyses of grains of the same mineralogy. Each Fe grain can match to more than one source
if the chemical criteria for matching are met.Where this
occurs, the Fe grain was matched to each source area by
pro-rationing by closeness of composition. So if the sum
of element differences between one source Fe grain is
0.5% and the second is 1%, the first source area would
get a match of 0.67 and the second a match of 0.33.
Thus a core sample Fe grain might match into more
than one source area, but the sum of all its matches is
one. This further decreases errors of mismatch by including all source areas that meet the match criteria for
all 14 elements. All matches for all mineral types to a
Arctic, Antarctic, and Alpine Research / D. A. Darby et al. / 653

source area were summed, and this number, divided by
the dried sediment weight of the sample (average = 15.5
± 6.4 g) from the core is reported here as Fe grains/g
for 2322 (Fig. 3). This number was corrected for the
number of Fe grains not analyzed in each sample so, for
example, where only 100 Fe grains were analyzed and
there were 150 Fe grains, all sources were multiplied by
1.5. Because dry sample weights were not available in
2263, only the number of Fe grains matched to each
source is reported. This matching protocol has been extensively tested where all 37,000 Fe grain analyses from
the source data set were matched to all grains of the
same data set except the same grain and the error in
matching was 1.5%. This data set is published in Darby
et al. (2015) and is archived in the Snow and Ice Data
Center, Boulder, Colorado, as indicated in Darby et al.
(2015).
The sea ice biomarker IP25 has been shown to be
present in surface sediments from regions of northern
Iceland experiencing drift ice in recent decades (Cabedo-Sanz et al., 2016), and IP25 abundances in the past
millennial down-core records align well with observational sea ice records (Massé et al., 2008, Andrews et al.,
2009a). Such ground-truthing of this drift ice proxy
has recently enabled a Holocene sea ice reconstruction
for sites from the north Icelandic Shelf (Cabedo-Sanz
et al., 2016). Further, Alonso-Garcia et al. (2013) demonstrated that IP25 abundances in short cores from the
East Greenland Shelf (and close to core 2322) likely
reflected changes in drift ice delivery within Denmark
Strait.
Key interests of our study were to see if (1) there are
significant trends in both the source area data from cores
2322 and 2263 and in ocean climate proxies that we
might expect to co-vary with those data (such as IP25
or T°C estimates); and (2) there is evidence for multicentury cycles in the Fe grain sources. Such cycles have
been predicted on the basis of models of internal ice
sheet variability (Bugelmayer-Blaschek et al., 2016), but
also could be associated with periods of enhanced melting of drift ice in Denmark Strait at the marine polar
front (Jennings et al., 2014) or surges in icebergs released
to Denmark Strait from siqussaq break-up in the fjords
(Straneo and Heimbach, 2013; Moore and Renfrew,
2014).
To undertake these studies, we first derived equispaced samples using the AnalySeries integration option
(Paillard et al., 1996), making sure to oversample so as to
reduce interpolation. Given the varied sampling intervals of our new and published data, this led to 50-, 100-,
and 150-yr intervals for selected time- series (Table 1).
In order to distinguish between signals and noise, the
equi-spaced “raw” data were first inspected by Singular
654 / D. A. Darby et al. / Arctic, Antarctic, and Alpine Research

Spectrum Analysis (SSA) (Vautard et al., 1992; Dettinger
et al., 1995; Ghil et al., 2002), and the Mann-Kendall test
was used to ascertain if there was a significant trend (95%
significance level). These analyses were performed using
the kspectra software package (kspectra, 2015). If a trend
was identified (Table 1) it was extracted and the residuals from the trend were evaluated for significant cycles
using the Maximum Entropy Method (MEM) (Kantz
and Schrieber, 1997). The environmental trends (Fig. 4)
show broad-scale multi-millennial changes. Constrained
cluster analysis (Hammer et al., 2001) of the environmental and source (SSA1) standardized trend data, using
Euclidean Distance as a measure of dissimilarity (Birks
and Gordon, 1985) was used to detect major changes in
data from 2322.

Previous Provenance
Studies

and

IRD

Previous investigations of glacial marine sediment
provenance in the Kangerlussuaq Trough (Fig. 2, part A)
include radiogenic isotopes (Farmer et al., 2003; Dunhill, 2005; Simon, 2007;Verplanck et al., 2009; White et
al., 2016) and qXRD of the <2 mm sediment (Andrews
et al., 2015). The epsilon (Nd) and 87Sr/86Sr ratios all
plot within the East Greenland/Iceland basalt provenance (Simon, 2007; Verplanck et al., 2009). White et
al (2016) used 40Ar/39Ar and 206Pb/204Pb measurements
on feldspars from a site within Kangerlussuaq Trough
(KT) and a site seaward of core 2322 (PO175/GGC#7)
(Alonso-Garcia et al., 2013) to show the dominance of
sediments derived from erosion of the heavily glaciated
flood basalts of the Geikie Plateau (Fig. 2, part A), but
with some feldspars derived from the Caledonian Fold
Belt to the north and the Nagssugtoqidian Mobile Belt
to the west. In 2322 there is a steady decrease in the
mafic (basalt-derived) fraction and an increase in the
felsic fraction of the mineralogy through the Holocene
(Andrews et al., 2015).
Studies of coarse >2 mm IRD along the Northeast/
East Greenland shelf from over the past ca. 12,000 cal. yr
B.P. documented a threefold division of the Holocene
with early and late Holocene IRD contributions and a
mid-Holocene interval of little to no coarse input (Andrews et al., 1997, 2014, 2016; Evans et al., 2002; Jennings et al., 2002b, 2006, 2011, 2013; Stein, 2008; Perner
et al., 2016). This mid-Holocene thermal maximum interval was also a time when the Greenland Ice Sheet was
behind its present-day margins.
There are presently no tidewater glaciers on Iceland
and deposition of coarse IRD ceased ca. 10 cal ka B.P.
(Castaneda et al., 2004). Studies of IRD around Iceland

FIGURE 3.  Fe grain numbers from
core 2322 matched to East Greenland
sources (42 and 43; see Fig. 1) as well as
from the most important arctic source
area, Banks Island (SA8). Note the
approximately two- to sixfold increase
in both the large East Greenland source
areas from lows to highs. Greenland
sources are in phase as are the arctic
sources for nearly all peaks. The error
of mismatch is one grain (1.5% of
the total number matched, where this
number is about 10–20 times the values
shown because the average sample
weight is 15 g). The polynomial fit
for each shows a decrease in Fe grain
matches in the mid-Holocene around
6–8 ka. This is also a low in coarse
sediment. Red is >1 mm and black is
>63 μm.
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FIGURE 4.  (A) Trends and integrated,
equispaced data of the 100-yr equitime
series of environmental parameters
compared to those in the Fe grain
matches to important source areas and
IP25 values for core 2322. The Western
Canadian Arctic (WCA), represents SA810 (Fig. 1). Red lines show the trends in
the data, black lines are the original data.
(B) Color panels show the detrended data
(Table 1). Where no trend was detected
(e.g., SA43) we plotted the reconstructed
signal from the 1st SSA/PCA scores.

have focused on the presence of quartz as an indicator
of ice rafting from non-Icelandic sources (Eiriksson et
al., 2000; Andrews and Eberl, 2007; Andrews, 2009).The
656 / D. A. Darby et al. / Arctic, Antarctic, and Alpine Research

100-yr regional reconstruction indicates a threefold history of quartz transport, and by inference the large-scale
variations in drift ice (Andrews, 2009).

Results
We first present our data from Southeast Greenland,
which provides multi-decadal evidence over the entire
Holocene (shown in 2322 for the past 10–12 ka), and
then consider the more detailed record from 2263 covering the past 2 cal ka B.P. from the Northwest Iceland
Shelf across Denmark Strait from 2322 (Figs. 1 and 2,
part A).

Core 2322
The Fe grain source data for this core are dominated by two primary source areas: SA42 and SA43
(Figs. 2, part A, and 3), and high grain counts from
Arctic Ocean sites SA8-10, which include Banks Island (SA8) and sites further west, including the Mackenzie River (SA10), which we grouped into a single
Western Canadian Arctic (WCA) estimate (Fig. 1).
SA8 is by far the dominant source area in the WCA.
The local source SA43 is dominant (average 31.0%),
closely followed by the Northeast Greenland source
SA42 (30.0%), and then by the combined BanksMackenzie area or WCA, SA8–10 (9.0%). There is

only a small contribution from sediments linked to
the Russian East Siberian Shelf and the Barents Sea
Shelf edge, including Svalbard. The WCA source reflects the transport of sediment by sea ice during the
Holocene (Darby, 2003). Of the total grains examined, 54% could not be attributed to a source within
the current database.
In 2322, peaks of the ice-rafted Fe grains from SA42
and 43 are as high as 70 grains/g during the deglacial
interval (10–12 ka) and as high as 15 grains/g during
the younger parts (0–10 ka) of the Holocene (Fig. 3),
with a mismatch in source error of less than one grain.
There are nine circum-arctic sources that contributed
Fe grains to core 2322. Of these nine sources, six contributed more than 3 Fe grains/g, and these regions are
circled in red in Figure 1.
In Figure 4 we show the integrated, equi-spaced
100-yr time series, the trends, and the detrended data
as determined from our analysis (kspectra, 2015). The
environmental proxies in core 2322 have significant
trends that explained between 15 and 82% of the variance (Table 1, and Fig. 4, part A). However, the trends
in the Fe grain data from this core do not reach a statistically significant level. The SSA analysis indicated

TABLE 1
Sample resolution (spacing), trends, trend variance, and cycles for the studied cores.
Proxies

MD99-2322
Sample spacing (yr)
Significant trend?
Trend variance %
SSA1 variance %

IP25

Qtz

T°C Carbonate (%)

100
Yes
73

100
Yes
82

150
Yes
71

100
Yes
61

Sources
Grain-size
>1 mm

105–63 µm%

SA42

SA43

50
Yes
15

50
Yes
69

100
NO

100
NO

33.6

32.7

100
NO
49
45.4

800

800
400
485
1070

800
400
340
1050

50
Yes
81.3

50
Yes
55.7

Insufficient
grains

240
300
200

350
250
140

MEM cycles (yr)
Strongest to weakest
(>0.95%)
MD99-2633
Sample spacing (yr)
Significant trend?
Trend variance %
MEM cycles (yr)
Strongest to weakest
(>0.95%)

50
Yes
78

50
Yes
58

50
Yes
83

50
Yes
78

100
Yes
90

NA

SA8

Arctic, Antarctic, and Alpine Research / D. A. Darby et al. / 657

that a large fraction (33 to 45%) of the variance in the
signals was contained in the 1st Principal Component
of each source series (Fig. 4, part A). Thus, although the
environmental proxies all contained significant multimillennial year trends, this is not reflected in the Fe
grain sources. Indeed, the late Holocene increase in the
sea ice biomarker and in quartz wt% is not reflected in
the Fe grain data (Fig. 4, part A). However, the Fe grain
data do show strong multi-century variability (Fig. 4,
part B).
The environmental trends (Fig. 4, part A) show broadscale multi-millennial changes. Constrained cluster analysis (Hammer et al., 2001) of the environmental and source
standardized trend data for the past 8 cal ka B.P., using Euclidean Distance as a measure of dissimilarity (Birks and
Gordon, 1985), indicated a major change occurred ca. 2.7
cal ka B.P. (Pangaea Data Publisher at https://doi.pangaea.
de/10.1594/PANGAEA.876207) with secondary breaks
at 5.5 and 1.45 cal ka B.P.These changes are consistent with
the timing of paleoclimatic changes identified along the
East/Northeast Greenland margin (Jennings et al., 2002b,
2011; Perner et al., 2015, 2016; Andrews et al., 2016).
To ascertain if there is any relationship between environmental variables and sources we standardized the
data and ran an R-Mode Factor Analysis (Davis, 2002).
Because of the differences in the sampling resolutions
(Table 1), there are only 26 intervals (<8 cal ka B.P.)
where data were available at the same time interval or
core depth. The two Factor axes explained 72% of the

FIGURE 5.  Bi-plot of the R-mode factor loadings
for Fe grain sources and environmental proxies for
2322.
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variance, with the 1st axis showing that the trends on
quartz wt%, carbonate %, the >1 mm sand, and IP25
were positively linked and, as might be expected, had
a different sign from T°C, but also from the fine/medium sand fraction. Fe grains from SA42 and 43 also had
strong positive loadings on the 1st PCA in contrast to
the SA8 (or the WCA), which is only weakly associated
with either PC1 or PC2 (Fig. 5), possibly because of the
lower Fe grain numbers from that source area (Figs. 3
and 5).
In detail, the trend data (Fig. 4, part A) show there
is a steady increase in IP25 and quartz wt% over the
past 4–5 cal kyr B.P., and this is also evident in records from the N Iceland Shelf (NIS) (cores 2263,
MD99-2269, and JR51-GC35; Cabedo-Sanz et al.,
2016). The most prominent feature of the IP25 profile in 2322, however, is a sharp increase during the
past ca. 2 kyr and especially after ca. 1 ka B.P. (Figs. 4
and 6), both of which have counterparts in the NIS
cores, and are interpreted in terms of enhanced drift
ice delivery to both sides of Denmark Strait after ca.
2 ka. However, in contrast to the NIS cores, where
IP25 and quartz wt% were well correlated (r2 = 0.74
and 0.66 for MD99-2269 and JR51-GC35, respectively [Cabedo-Sanz et al., 2016]), their relationship is
weaker for 2322 (r2 = 0.44), likely indicating a change
in provenance in one, or both, of the drift ice proxies.
It is worth noting that the carbonate records in 2322
and MD99-2269 are virtually identical (Stoner et al.,
2007). In contrast to the quartz and IP25 data, the Fe
grain inputs from SA42 and 43 decreased slightly over
the last 1400 cal. yr B.P., but remain above average
for the Holocene (Fig. 3). This may reflect the effect of pervasive landfast sea ice restricting the passage
of icebergs onto the shelf (Reeh et al., 2001; Reeh,
2004). There is widespread evidence across the northwestern Nordic Seas for a threefold division of the
Holocene, although the timing of the transitions varies (Jennings et al., 2011; Müller et al., 2012; Perner
et al., 2015; Cabedo-Sanz et al., 2016; Kristjansdóttir
et al., 2016). The SSA trends on the SA42 and 43 Fe
grain data from 2322 show a pronounced minimum
at ca. 7 cal ka B.P. (Fig. 4, part A; Supplemental Data).
This change at 6–8 ka is seen as a decrease in Fe grain
numbers from all three dominant sources (SA42, 43,
and 8; Fig. 3) and lends further credence to this threefold Holocene ice-rafting history.
The data in 2322 were biased by the very large
amount of IRD and Fe grains in the deglacial interval
(10–12 ka), so we truncated the data set at 10 ka before running the time series analysis. The MEM 100yr spacing time series shows that there is a dominant
~800-yr cycle in all three sources (>0.95 confidence

FIGURE 6.  Plot of the IP25 and Fe
grain data in 2322 with their original
(not 100-yr integrated) values showing
the sharp increase in IP25 over the last
millennium, but the slight decrease in
Southeast Greenland source SA43.

level) (Fig. 7). There is also a significant 400-yr cycle in
SA42 and SA8-10.

Core 2263
The grain-size spectra in this core are described as
“muddy sands,” with median grain size varying between
48 and 103 µm (Blott and Pye, 2001). The median diameter decreased steadily over the past 2 cal ka B.P. with
a relatively abrupt shift to finer-grained sediments at ca.
900 cal. yr B.P., which is also matched by the decrease in
the calcite wt% (Fig. 8, part A).There is no characteristic
coarse IRD shoulder on the spectra, which is a common
feature of sites with major iceberg sediment input, such
as sites in Nansen Trough (Prins et al., 2002; Perner et
al., 2016). The matched grain counts are higher at this
site than in the more proximal 2322 site, probably because of the winnowing of the sediment by strong bottom currents (Thors, 1974; Ólafsdóttir, 2004).
The presence of Fe grains matched specifically to
East Greenland source areas (SA42 and 43) as well as
several Arctic Ocean source areas found in this core indicate that IRD from all of these sources reached this
core site throughout the Holocene (Fig. 8, part A). Of
the total grains examined, 41% could not be attributed
to a source within the current database. The association
between several environmental proxies was discussed by
Axford et al. (2011), who showed that IP25 and quartz
weight percent were inversely correlated with water
T°C estimates. We computed the trends and residuals
from the trends for environmental parameters (Fig. 8,

part A, Table 1) and compared those with the trend data
from the major source areas as determined from the Fe
grain data (Figs. 8, part A, and 9, part A). All data were
recalculated to 50-yr time-steps (Fig. 8). Calcite weight
percent is included as a measure of marine productivity because the surface freshwater cap that limits mixing and nutrient replenishment inversely influences it
(Thordardóttir, 1984, 1986; Andrews et al., 2001). Analysis of the time series (Table 1, Fig. 8, part A) indicates
that there is a significant trend in the 1st SSA axis that
explains between 48 and 90% of the variance. The five
environmental proxies indicate that over the past 750
yrs, that is from the onset of the Little Ice Age (LIA;
A.D. ca. 1300–1850) (Miller et al., 2012), temperatures,
calcite wt%, and median grain size decreased, whereas
quartz and IP25 increased. Both quartz and IP25 have a
noticeable increase beginning ca 600–700 yr B.P. coinciding with local and regional evidence for the onset of
the LIA (Geirsdóttir et al., 2009; Jónsdóttir et al., 2015),
perhaps driven by an interval of volcanism and an increase in sea ice across the North Iceland shelf, more
generally (Massé et al., 2008; Miller et al., 2012; Cabedo-Sanz et al., 2016). Residuals from the trends (Fig. 8,
part B) show no obvious correlations.
The 50-yr integrated Fe grain data show significant
trends for both Greenland Fe grain sources that explain
81 and 56% of the variance in the series (Table 1, Fig.
8, part A). They indicate an overall decrease over the
record, and this contrasts with the increase in IP25 and
quartz wt% (Fig. 8, part A), which have been linked to
the regional LIA (Andrews et al., 2009a). The dominant
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FIGURE 7.  Time series analyses using MEM
for the Holocene record of Fe grain matches to
important sources from Greenland (SA42 and
43) and the Arctic Ocean, Western Canadian
Arctic (SA8-10) in core 2322.

Arctic Ocean source for Fe grains in 2263 is SA8 (Banks
Island, CAA, Fig. 1), but there are significant contributions from SA30-32, the Svalbard archipelago (Fig. 1).
The trends on the SA8 and SA30-32 (not shown) have
an overall increase toward the present, similar to the
trends for quartz wt% and IP25, but not as pronounced
(Fig. 8, part A). In both these arctic regions IP25 has been
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shown as a reliable proxy for sea ice (Belt et al., 2007,
2013, 2015; Brown et al., 2011; Müller et al., 2011; Xiao
et al., 2015), and our data might suggest an increased
transport from these areas during the LIA (Figs. 8 and
9). These Arctic Ocean trends contrast with those from
East Greenland sources, SA42 and 43, which have decreased over the past few centuries (Figs. 8, part A, and

FIGURE 8.  (A) Trends and matched
data (Fe grains) of the 50-yr time series
and environmental proxies (Table 1)
for matches to important source areas.
Red lines indicate the trends in the data,
black lines show the integrated data.
(B) Color panels show the residuals
from the trends depicted in part A.
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A.

B.

FIGURE 9.  (A) Number of Fe grain matches
to the two large Greenland sources (SA42 and
SA43) and the maximum number of Fe grains
matched to any one arctic source in core 2263
off Northwest Iceland (not integrated to evenly
spaced samples). Note that unlike in core 2322,
the arctic sources do not vary synchronously
with the Greenland source.This could be because
of the low number of Fe grains from the Arctic
in core 2263. (B) MEM spectral estimates for the
two Greenland sources for 2263.

662 / D. A. Darby et al. / Arctic, Antarctic, and Alpine Research

9, part A). Residuals from the trends (Fig. 8, part B) for
both the SA42 and 43 Fe grain sources show significant
cycles (Fig. 9, part B).

Discussion
Until now, the application of Fe grain source identification has been restricted to cores from the Arctic
Basin (Darby and Bischof, 2004; Darby and Zimmerman, 2008; Darby et al., 2012) with the exception of
one study from North Iceland (Andrews et al., 2009b)
and one from East Greenland (Alonso-Garcia et al.,
2013). Hence, the focus of ice-rafted sediments has
been associated with sea ice. In our study, especially
given the location of 2322 (Fig. 2, part A) and the records of coarse IRD input associated with icebergs
(Andrews et al., 1997; Jennings et al., 2011; Perner et
al., 2016), we must also consider inputs from turbid
meltwater plumes (Syvitski et al., 1996; Smith and Andrews, 2000) and sediment reworking from iceberg
scouring (Syvitski et al., 2001) and bottom currents.
Some 5000 km3 of sea ice is exported through Fram
Strait per year (Hebbeln and Wefer, 1991), whereas the
volume of icebergs produced per year from Northeast/
East Greenland is two orders of magnitude smaller
(Bigg, 1999). However, only an estimated 5% of the
arctic sea ice contains sediment, and this portion carries smaller concentrations than most icebergs (Darby,
2003; Darby et al., 2011), although icebergs calved into
the fjords lose significant and varying sediment content
through melting before they reach the shelf (e.g. Stein
et al., 1993; Syvitski et al., 1996). The coastal waters
off East Greenland are too deep to facilitate the processes associated with entrainment of sediment into sea
ice seen on the shallow arctic shelves (Reimnitz et al.,
1992, 1993; Darby, 2003; Dethleff, 2005; Dethleff and
Kuhlmann, 2009). Sediment shed onto the land-fast
ice is the result of fjord wall slope failures and is generally very coarse (Gilbert, 1990), unlike the sediment
in 2322. Also, our Fe grain proxy has a median size of
100 µm, which is much coarser than the median size
of sediment in core 2322. This anomaly is more typical
of ice-rafted grains than any other transport mode or
reworking of sediment.
As noted earlier, interpretation of changes in IRD
can be attributed to changes in sediment entrainment at
the source, the volume of transport in either icebergs or
sea ice, and changes in oceanography, especially changes
in the temperature of surface or (in the case of icebergs)
intermediate waters that affect melting. We should also
note that the absence of IRD and IP25, could both be
because of (1) open water, no icebergs or sea ice, or (2)
pervasive land-fast sea ice, which restricts the movement

of icebergs (Dwyer, 1995; Reeh et al., 2001) and limits
IP25 production (Belt and Müller, 2013).
Driftwood is exported on sea ice through Fram
Strait from the Russian and North American shelves
and is beached on the North and East Greenland coasts
(Funder et al., 2011; Hellmann et al., 2015). We would
thus predict that sediments with an arctic shelf provenance (Fig. 1) would be present in 2322, although possibly overwhelmed by locally derived glacial sediments.
Despite the Russian driftwood evidence, the number of
sand-size Fe grains from the Siberian shelf where this
driftwood originates is small, possibly because of the
fine-grained nature of East Siberian Shelf source sediments (Wahsner et al., 1999). There are no detailed data
on the grain-size distributions for 2322 but information
is available on several fractions <1 mm. On a nearby
core JM96-1214GC in the Kangerlussuaq inner basin
(Jennings et al., 2002a), the Holocene sediments are described as medium to very fine silts. Given the small
weight percentages of grains >1 mm and 63–105 µm
(Figs. 3 and 4), the 2322 sediments are also dominantly
silts and clays. Even cores close to the coast and clearly
subject to iceberg rafting are generally dominated by
silt with limited sand (Perner et al., 2016). The sea ice
biomarker IP25 was present in all sediment horizons,
consistent with continuous drift ice delivery to the site
after 8 ka.
Given the fine-grained nature of the sediment from
SA42 and 43, and the absence of coarse sand, contributions in 2322 from these source areas may reflect transport as suspended sediment plumes, fine-grained glacial
and subglacial sediments entrained in icebergs, or fine
sediments resuspended by iceberg scouring of the adjacent shallower banks. The fact that Fe grains are coarser,
and the median size much coarser, than the sediment in
2322, argues that these grains are ice-rafted.
Both cores have similar numbers of Fe grains from
SA43 (Figs. 3 and 8, part A; Pangaea archived data) despite the proximity of SA43 to core 2322 (Fig. 2, part A).
The average increase from trough to peak for SA42 and
43 is 10 and 12 Fe grains, respectively, in cores 2322 and
2263. Even SA46, located immediately north of SA42
(Figs. 1 and 2, part A), contributed statistically significant
numbers of Fe grains to core 2322. The fact that SA42
is so high in core 2322 would argue that iceberg rafting has to be the dominant mode of IRD delivery and
not sediment plumes or reworking from local sources.
Obviously any input from local sediment plumes or reworking does not swamp the more distal sources that
must be ice-rafted.
The presence of abundant Siberian driftwood on
Iceland beaches as well as the Fe grains from arctic shelf
sources in core 2263 unequivocally demonstrates that
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drift ice from the arctic shelf reaches Iceland (Eggertsson, 1993; Hellmann et al., 2015), a conclusion corroborated by the occurrence of IP25 in various surface sediments from the North Iceland shelf (Cabedo-Sanz et
al., 2016). However, driftwood occurrence provides no
information on the contribution from Greenland drift
ice, mainly in the form of icebergs (Koch, 1945), so we
look to Fe grain geochemical data to provide information on the contributions from Greenland as well as the
arctic margins (Darby et al., 2015). At both core sites
we expect delivery of sediment entrained in icebergs
and/or sea ice. We expect that the amount of IRD contained on, or in, East/North Greenland sea ice to be
small and primarily restricted to delivery of sediment
from fjord walls during the spring melt. In both 2263
and 2322, the Fe grains increase and decrease synchronously between the East Greenland sources (SA42, and
43) but the prominent arctic source (SA8) is synchronous with the Greenland sources only in core 2322; it
occurs in too low abundance in core 2263 to evaluate its synchronicity (Figs. 3 and 8, part A). Fe grains in
2322 are in approximate agreement with increases in
the coarse IRD fraction (Fig. 3), although this is not the
case in 2263 (Fig. 9, part A). In 2322 the plot of the Fe
grain matches to the two most important sources, East/
Northeast Greenland (SA42) and Southeast Greenland
(SA43), show cyclic changes throughout the last 10 cal
ka (Figs. 3 and 7) with a long-term trend showing a
decrease during the middle Holocene (Fig. 3).The same
cycles are seen in the SA8 arctic Fe grain input to 2322.
This shared cyclicity for IRD input from such a wide
area suggests that the export of sea ice from the Arctic
Ocean is also cyclic and in synchronization with the
East Greenland iceberg production or iceberg melting,
or that the cyclicity is governed by one or more of the
following: (1) oceanic influences such as the release of
siqussaq, (2) changes in the land-fast ice distribution,
and/or (3) enhanced drift ice melting at the polar front.
The MEM analysis of the detrended data indicate that
two cycles for both source areas (SA42 and SA43) between 236 and 248 yrs and between 294 and 348 yrs
in core 2263 are significant at 0.99 probability (Fig. 9,
part B). A 196-yr cycle, significant at 0.95 for SA42 (Fig.
9, part B), is similar to the 205-yr de Vries total solar
intensity (TSI) cycle (Wagner et al., 2001; Darby et al.,
2012). Further studies are needed to confirm this relationship as the cycles are off by a few years between Fe
grain sources and TSI, possibly due to errors in the age
model for 2263. However, if a ca. 200-yr Fe grain cycle
from SA42 is found in future studies, it could help explain the nature of the Fe grain cycles in 2263 as being
because of feedbacks from this weak solar intensity increase to melting or iceberg production from this source
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in Greenland. Note that different conclusions for the
statistical significance of the data are reached vis-a-vis
the Run Test versus the MEM (Figs. 4, part B, and 7).
These differences are probably associated with the different underlying null hypotheses as the Run Test examines variations about the mean and does not take into
account “turning points” (Miller and Kahn, 1962).
There is also a significant 400-yr cycle (>0.95) that
could be related to the 800-yr cycle where the 800-yr
cycle may be a multiple of the 400-yr cycle.This 400-yr
cycle is seen in other records and attributed to TSI (Neff
et al., 2001; Domack et al., 2001; Strikis et al., 2011;
Bugelmayer-Blaschek et al., 2016). Like the 205-yr de
Vries TSI cycle seen in 2263, this 800-yr cycle in 2322
suggests that changes in solar intensity might be a factor
in driving these Fe grain and IRD cycles. The cycles for
the Greenland sources are also in phase, peaking at the
same times in both cores (Figs. 3 and 8, part A). Because
the Arctic Oscillation 1550-yr cycle (Darby et al., 2012)
is an approximate multiple of this 800-yr cycle, there is
a suggestion that atmospheric change might impact the
IRD delivery at 2322.
These results compare with cycles of drift ice proxies IP25 and quartz in a core on the North Iceland shelf
(core MD99-2269, Cabedo-Sanz et al., 2016) indicating the presence of drift ice carried by the East Iceland
Current. Time series on these two proxies show significant cycles close to 200 yrs (213 and 208, respectively,
Cabedo-Sanz et al., 2016). Other cycles for these two
proxies in MD99-2269 occur at 1024, 275, 334, and 156
yrs. Slight differences with the cycles from core 2322
and MD99-2269 are unlikely to be due to errors in the
age models for these cores because these two cores share
a chronology based on depth correlation of the paleomagnetic secular variation (Stoner et al., 2007).
This Fe grain data set marks the farthest south occurrence of definitive IRD from the Arctic Ocean,
although Russian and Canadian driftwood have been
found even farther south. But driftwood could drift for
at least a year after it is released from ice. The fluctuations of the circum-arctic Fe grains, which are sea ice
rafted are in phase with those from Greenland, which
are iceberg rafted (Fig. 3), suggesting a common link
between sea ice and iceberg IRD.
The abundance of Fe grains from SA43 in core 2263
is somewhat surprising given the prominent circulation
patterns in this area (Fig. 1). This source in 2263 most
likely comes from the Scoresby Sund area of SA43 (Fig.
2, part A). Maps of iceberg distributions affecting Icelandic waters (Iceland Meteorological Office, 1987, 1988)
indicate that the major source areas for icebergs are
Scoresby Sund and further north along the Northeast
Greenland coast. These icebergs might well reach core

2263 by adiabatic winds from the Greenland ice sheet
or some other source of westerly winds that could move
icebergs eastward to 2263.

Conclusions
This study, combining multiple proxies in two cores
near Denmark Strait, clearly shows that arctic sea ice
not only reaches this area but transports sediment from
multiple areas around the arctic shelves nearly 1800 km
south of the Arctic Ocean and up to more than 4000
km of total drift before melting and depositing this sediment.The use of precise and accurate source determination of Fe grains using 14 elements and trace elements
in eight different Fe oxide minerals enables us to conclude not only that these Fe grains originate thousands
of kilometers away in the Arctic Ocean but also that
they are not randomly deposited in time. Both nearby
Greenland sources and Arctic Ocean shelf sources occur
in both cores at cyclic intervals of ~240 and 800 yrs in
cores 2263 and 2322, respectively. The occurrence of Fe
grains in 2322 off Southeast Greenland from two primary source areas on East and Southeast Greenland in
synchronization with Fe grains from the arctic shelves
suggests that some regional climatic forcing might be
involved. Because the significant cycles in both cores
correspond to total solar intensity cycles, the feedback
from these weak solar fluctuations might be driving the
melting and/or production of icebergs/sea ice in both
Greenland and the Arctic Ocean.
The Arctic Oscillation (AO) is thought to influence
ice export through Fram Strait (Rennermalm et al.,
2007) and thus could be involved with the pulses of
Fe grains and IRD from the Arctic seen in core 2322.
The fact that the 1550-yr AO seen in a high resolution
Holocene core off northern Alaska (Darby et al., 2012)
is a multiple of the 800-yr cycle seen in Fe grain peaks
from the Arctic Ocean raises the possibility that the AO
is somehow influenced by solar intensity fluctuations.
This premise was thought unlikely because there was no
solar cycle at 1550 yrs (Darby et al., 2012). So whether
the AO cyclicity is forced by internal variability in the
climate system or fluctuations in solar intensity is still
open to investigation.
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Appendix

FIGURE A1.  (A) Distribution of icebergs in Icelandic waters in August 2004; (B) distribution of icebergs in
Icelandic waters in September 2011.
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FIGURE A2.   Constrained clustering of the proxies from 2322 plotted for the last 8000 cal. yr B.P.

